Neutrophil (PMNL) function defects occur as a consequence of HIV infection. This study examined PMNL apoptosis in patients with the acquired immunodeficiency syndrome (AIDS) to determine if accelerated apoptosis contributes to impaired function. PMNL were isolated from 10 HIV-infected patients with CD4 ϩ lymphocyte counts Ͻ 200/mm 3 without signs of active infection and 7 healthy volunteers. PMNL were stained with acridine orange and ethidium bromide after 0, 3, 6, and 18 h in culture, and examined for the morphologic changes of apoptosis and viability by fluorescent microscopy. Apoptosis was also demonstrated by electron microscopy, flow cytometry, and DNA gel electrophoresis.
Introduction
Apoptosis is one of the two major mechanisms for cell death. It can be distinguished from the other major mechanism of cell death, necrosis, morphologically (apoptosis is characterized by cell shrinkage and nuclear pyknosis, but no membrane rupture or inflammatory reaction), as well as by demonstrating the characteristic DNA fragmentation (1, 2) . Neutrophils (PMNL) 1 have the shortest half-life of all circulating leukocytes, and on leaving the bone marrow are programmed to die within ‫ف‬ 24 h. Aging PMNL spontaneously undergo apoptosis and are recognized and phagocytosed by monocytes and macrophages (3) . This is a normal mechanism of clearance of PMNL from a site of infection which prevents further tissue injury (4) . PMNL activation by circulating bacterial products, endogenous cytokines, and other pro-inflammatory mediators may affect the rate of PMNL apoptosis (5) (6) (7) (8) (9) .
PMNL function is impaired in the later stages of HIV infection, and this abnormal function may predispose patients to secondary bacterial infections and/or certain opportunistic infections (10) (11) (12) (13) (14) . Because apoptotic PMNL are functionally impaired (15) , we hypothesized that the abnormalities of PMNL function observed in HIV infection might be the result of accelerated apoptosis. Apoptosis is proposed to be one mechanism causing loss of function and depletion of numbers of CD4 ϩ lymphocytes in HIV infection, and accelerated B cell apoptosis has also been described in these patients (16, 17) . To date, however, there have been no studies of PMNL apoptosis in HIV infection.
The purpose of this study was to examine PMNL apoptosis ex vivo in a group of patients with AIDS and compare the rate of apoptosis to that of PMNL from controls. Our data show that the rate of PMNL apoptosis is accelerated in AIDS. The defect is intrinsic and not an effect of a serum factor. This defect is reversible with granulocyte colony-stimulating factor (G-CSF), a cytokine known to decelerate apoptosis and prolong PMNL survival.
Methods
Subjects. 10 HIV-infected patients with CD4 ϩ lymphocyte counts Ͻ 200/mm 3 without fever or other symptoms or signs of active secondary infections were enrolled, and 7 healthy volunteers without HIV risk factors served as controls. Samples from patients and volunteers were tested in parallel. Specimens from selected volunteers were run on several days to determine the day to day variation of the assay, but only day one results were used for comparison to AIDS patients.
PMNL isolation, culture. Heparinized blood was collected and PMNL were isolated by a standard method of density-gradient centrifugation over Ficoll-Hypaque (Histopaque 1077; Sigma Chemical Co., St. Louis, MO), sedimentation in 10% dextran (Sigma), and lysis of the remaining red blood cells with NH 4 Cl buffer, pH 7.4 (18) . PMNL isolated by this procedure were Ն 95% pure and Ն 95% viable by trypan blue exclusion. PMNL were washed and resuspended at(BioWhitaker, Walkersville, MD), 10% fetal calf serum (HyClone Laboratories, Logan, UT), and penicillin and streptomycin (Sigma). Cell cultures were incubated at 37 Њ C in 5% CO 2 . Aliquots were taken at 0, 3, 6, and 18 h for apoptosis assays and hemocytometer cell counts.
In vitro effects of serum and G-CSF. The effect of serum on PMNL apoptosis was examined by incubating PMNL with 20-50% fresh serum collected from HIV-patients or controls. The effect of G-CSF (r-metHuG-CSF, filgrastim; Amgen, Inc., Thousand Oaks, CA) was examined by incubating PMNL with 50 g/ml (5,000 U/ml, specific activity of r-metHuG-CSF 1.0 Ϯ 0.6 ϫ 10 8 units/mg protein). Sufficient numbers of PMNL were not available for all subjects to conduct these experiments.
Fluorescent microscopy. Apoptosis was studied morphologically using fluorescent dyes that intercalate DNA (19). Acridine orange stains DNA bright green, allowing visualization of the nuclear chromatin pattern. Apoptotic cells have condensed chromatin that is uniformly stained. Ethidium bromide stains DNA orange, but is excluded by viable cells. Dual staining allows enumeration of four populations: ( a ) viable, non-apoptotic (VNA), ( b ) non-viable, nonapoptotic (NVNA), ( c ) viable, apoptotic (VA), and ( d ) non-viable, apoptotic (NVA). PMNL (25 l) were stained with 2 l of acridine orange (100 g/ml; Remel, Lenexa, KS) and 2 l of ethidium bromide (100 g/ml; Sigma) and then examined by fluorescent microscopy with a fluorescein filter set. One microscopist was blinded to the status of PMNL donor. The results of the blinded microscopist were compared to the results of a second microscopist who was blinded to the results obtained by the first reader, but not patient status, in order to determine interreader variability.
The percentage of apoptotic and non-viable PMNL were calculated as follows:
Light microscopy, transmission electron microscopy. The morphological changes of apoptosis were also demonstrated by light microscopic examination of Wright-stained cytospins and by transmission electron microscopy of cytocentrifuged samples fixed with 1% glutaraldehyde in PBS.
Flow cytometry. PMNL were stained with 0.1% propidium iodide (Coulter Immunology, Hialeah, FL) for 30 min at room temperature, washed with PBS with 0.1% sodium azide, and fixed with 1% paraformaldehyde. A minimum of 10 6 PMNL were analyzed by a FACScan ® flow cytometer (21) . The percent apoptotic cells was determined by light microscopy with Wright-stained cytospins and by gating on the PMNL population with decreased fluorescence to the left of the major cell peak on the DNA histogram.
DNA fragmentation. DNA was isolated from 10 7 PMNL at various time points by modification of methods used for assessment of DNA fragmentation in thymocytes (21) . In brief, the cells were lysed with TES buffer (20 mM Tris HCl, 200 mM EDTA, and 1% SDS) with RNase (20 g/ml; Boehringer Mannheim, Indianapolis, IN) at 37 Њ C for 1 h. Proteins were denatured by incubation with proteinase K (1 mg/ml; Boehringer Mannheim) at 55 Њ C for 3 h. The denatured protein was removed by phenol extraction. The DNA was then precipitated with alcohol overnight at Ϫ 20 Њ C. The next day the DNA was rinsed with alcohol, mixed with loading buffer, and then electrophoresed in a 2% agarose gel containing 10 g/ml ethidium bromide. The gel was examined and photographed under UV light to look for evidence of regular DNA fragmentation pattern (laddering) characteristic of apoptosis.
Statistical analysis. Results are expressed as the mean Ϯ standard deviation. Interreader variability was analyzed by ANOVA. Means of groups were analyzed by the two-tailed Student's t test. The effects of serum and G-CSF were analyzed by paired t test. Statistical significance was defined as P Ͻ 0.05.
Results
The morphological changes of apoptosis were easily observed transmission electron microscopy of PMNL taken from cultures over time (Fig. 1) . The cells undergoing apoptosis show progressive cytoplasmic shrinkage and nuclear condensation. The nuclear chromatin stains uniformly rather than having heterogenous staining due to the normal distribution of euchromatin and heterochromatin. At 0 h, neither the PMNL from HIV patients nor those from controls showed morphological evidence of apoptosis. The number of apoptotic PMNL steadily increased for patient and control PMNL, but the rate of apoptosis was much more rapid for patient PMNL than controls. By 18 h a much larger proportion of the PMNL from the HIV patients were apoptotic as compared to controls.
Quantitative assessment by fluorescent microscopy confirmed the results of light and electron microscopy and allowed for simultaneous assessment of viability (see Fig. 2 ). Apoptosis was minimal at 0 h, but PMNL from AIDS patients exhibited significantly increased apoptosis at 3 h (22.5 Ϯ 11.5 vs. 8.9 Ϯ 6.9%, P ϭ 0.015), 6 h (38.1 Ϯ 14.2 vs. 18.1 Ϯ 4.5%, P ϭ 0.003), and 18 h (71.3 Ϯ 19.0 vs. 38.8 Ϯ 16.7%, P ϭ 0.002). Viabilities were Ն 88.0% for both groups from 0-6 h, but by 18 h viability was significantly decreased for the HIV group (58.8 Ϯ 12.4 vs. 83.5 Ϯ 10.4%, P ϭ 0.001) because of the increased proportion of non-viable apoptotic cells. Total cell counts were also lower for the HIV PMNL cultures at 18 h (4.6 Ϯ 3.2 ϫ 10 7 /ml vs. 6.6 Ϯ 1.3 ϫ 10 7 /ml, P ϭ 0.15) indicating that some of the nonviable apoptotic PMNL had eventually lysed. This also means that the percent apoptosis for the HIV PMNL at 18 h is an underestimate since the non-viable apoptotic cells that had lysed were not counted and therefore were not included in the calculation. The absolute number of viable, non-apoptotic PMNL was decreased for the patients (2.1 Ϯ 2.7 ϫ 10 7 /ml vs. 3.8 Ϯ 1.8 ϫ 10 7 /ml), although this did not reach statistical significance ( P ϭ 0.21) because of the wide standard deviations for the total cell counts.
The fluorescent microscopic evaluation of apoptosis is reproducible and repeatable. One microscopist was blinded with regard to the status of the subject, patient or control. Another microscopist was not blinded to the status of the patient, but was blinded to the results from the first microscopist. There was excellent interreader agreement as to the percent apoptosis at all time points. ANOVA revealed that only 11.9% of the total variation in apoptosis at 18 h was due to different readers, while 88.1% was due to differences in the means for individual subjects. This indicates that the assay is very reproducible. Because patients were only assayed one time, it was not possible to determine the relative proportion of the total observed variation that was due to day to day variability in apoptosis. However, repeated measures for two selected controls showed little day to day variation (percentage of apoptosis at 18 h, Control 1 ϭ 26.6 Ϯ 5.8, n ϭ 13; Control 2 ϭ 22.6 Ϯ 7.6, n ϭ 8). This suggests the apoptosis assay is repeatable as well as reproducible, although the day to day variation may be greater for the patients.
Although the morphological changes observed over time were clearly due to apoptosis, FACS ® analysis after DNA staining and electrophoresis of DNA extracted from PMNL were performed to demonstrate DNA fragmentation, the hallmark of apoptosis. The results of FACS analysis after staining with propidium iodide, another fluorescent dye that interca-lates DNA, supported the findings of fluorescent microscopy (see Fig. 3 ). The histograms show that a larger proportion of PMNL from AIDS patients after 6 h in culture have decreased fluorescence after staining with propidium iodide. The percentage of apoptotic PMNL at 6 h, the cell population exhibiting less fluorescence than the major cell population (cells to the left of the major peak, the M1 region), was similar to that determined morphologically by fluorescent microscopy. Elec- We were unable to demonstrate any serum effect in vitro. Incubation with serum (20-50% in different experiments) from AIDS patients whose PMNL showed rapid apoptosis did not significantly accelerate apoptosis in control PMNL. Conversely, incubation with control sera had no effect on the rate of apoptosis for PMNL from the AIDS patients (data not shown). Accelerated apoptosis was partially reversible, however, by incubation with r-metHuG-CSF in vitro (Fig. 5) . The mean difference in the rate of apoptosis for patient PMNL after 18 h was Ϫ18.8Ϯ3.0% (P ϭ 0.001, paired t test).
Discussion
Bacterial infections, not only opportunistic infections due to depressed cell-mediated immunity from progressive CD4ϩ lymphocyte depletion, occur with increased frequency and severity in HIV-infected patients (22-26). Infections with certain pathogens, such as Staphylococcus aureus and Pseudomonas aeruginosa, are often related to neutropenia and/or PMNL dysfunction, and these organisms are frequently involved in infections complicating the course of HIV infection. Several PMNL functions are impaired, including chemotaxis, phagocytosis, oxidative metabolism, and killing of bacterial and fungal pathogens (11) (12) (13) (14) (15) . Killing of HIV-infected cells by PMNL through antibody-dependent cellular cytotoxicity is also defective in HIV infection (27, 28) . There are no data of killing of free HIV by PMNL in AIDS, but studies with PMNL from controls have shown that PMNL can effectively kill HIV as long as the respiratory burst and generation of toxic oxygen species is intact (29) . These studies suggest that abnormal PMNL function could contribute to the progression of HIV infection. Although there have been several studies documenting abnormal PMNL function in HIV infection, there is little information regarding the underlying mechanism(s).
Apoptosis is programmed cell death characterized by DNA fragmentation between nucleosomes due to endogenous endonuclease activation. Although many cells require some exogenous trigger to initiate apoptosis, PMNL are programmed to die within 24 h after release from the bone marrow (4) . Several exogenous signals, however, can interfere with the genetic program for cell death, while other factors can accelerate the process (6-9). Apoptotic PMNL are functionally impaired (15) . Consequently, accelerated PMNL apoptosis may at least in part account for the defects in PMNL function that occur in HIV infection. This is the first study demonstrating accelerated ex vivo PMNL apoptosis as a consequence of HIV infection. In fact, we are unaware of reports of any disease process in which apoptosis may contribute to the impairment of PMNL function associated with that particular condition, although accelerated apoptosis may not be unique to HIV infection.
The mechanism(s) by which PMNL apoptosis is accelerated as a consequence of HIV infection are not known. There are several other possible explanations. PMNL activation will accelerate the process of apoptosis, and data from our laboratory and others indicate that PMNL from HIV patients undergo in vivo activation, even in the absence of any secondary infection (30, 31) . There are also a number of reports of changes in circulating cytokine levels in HIV infection (32) . For example, levels of tumor necrosis factor-alpha (TNF-␣) are elevated in AIDS patients, and TNF-␣ is one of the cytokines known to accelerate PMNL apoptosis (5) . Although cytokines and inflammatory mediators may contribute to the accelerated PMNL apoptosis in HIV infection, we were unable to demonstrate an effect of HIV-serum on apoptosis of control PMNL in vitro. This suggests that the accelerated apoptosis is an intrinsic property of the PMNL in AIDS and is probably not due to exogenous circulating factors, although this cannot be excluded entirely. Finally, accelerated PMNL apoptosis may be due to the relative deficiencies of growth factors, colony-stimulating factors, and/or other cytokines. G-CSF and GM-CSF inhibit apoptosis and prolong PMNL survival (33-35). There is evidence that G-CSF levels are abnormally low in HIV-infected patients as compared to other patients with similar degrees of relative neutropenia, and this may result in increased apoptosis (36, 37) . The absence of growth factors has been shown to increase apoptosis in other cell types. Lymphocytes that have been stimulated with interleukin-2 exhibit rapid apoptosis when this cytokine is withdrawn (38) . A G-CSF deficiency state is plausible since the endogenous source of this cytokine is activated T cells, monocytes, and macrophages, all target cells for HIV that function abnormally in HIV patient. Administration of G-CSF to HIV-infected patients improves PMNL function, which may in part be due to inhibition of apoptosis (39) .
In conclusion, PMNL apoptosis is markedly accelerated in patients with advanced HIV infection. This may explain the relative neutropenia and impaired PMNL function observed in these patients. Although circulating cytokines and inflammatory mediators could theoretically cause the increased rate of Figure 4 . DNA fragmentation analysis. DNA obtained from control and patient PMNL lysates from cells cultured in parallel were separated on a 2% agarose gel containing ethidium bromide. Lane M contains a standard 123-bp DNA ladder. Lanes 1, 2, and 3 contain DNA from a patient with AIDS at 0, 6, and 18 h of culture, respectively, and lanes 4, 5, and 6 contain DNA from control PMNL at the same time points. DNA from patient PMNL show fragmentation into bands at 200-bp intervals characteristic of apoptosis already at 6 h, while control PMNL do not exhibit DNA fragmentation until 18 h in culture. Figure 5 . In vitro effect of G-CSF on PMNL apoptosis. *Indicates significant difference between the patient (n ϭ 4) and control (n ϭ 5) PMNL without G-CSF, P Ͻ 0.05 by the Student's t test. Incubation with 50 g/ml r-metHuG-CSF decreased apoptosis for control and patient PMNL, although this only reached statistical significance for patient PMNL after 18 h of incubation (mean difference ϭ Ϫ18.9Ϯ3.0%, P ϭ 0.001, paired t test). Figure 3 . Apoptosis demonstrated by flow cytometry after staining with propidium iodide (PI). DNA histograms were gated on forward light scatter and side light scatter to exclude clumps and debris. (A) The proportion of apoptotic PMNL for a control after 6 h in culture, cells in the M1 region exhibiting decreased PI fluorescence, was much less than (B) the proportion of apoptosis for PMNL from a patient with AIDS run in parallel at the same time point. The percent apoptosis determined by flow cytometry was the same as that determined by fluorescent microscopy. apoptosis, the lack of any effect of HIV sera on control PMNL in vitro argues against this. Normal PMNL development and maturation in the bone marrow may be altered in HIV infection, possibly the result of a state of relative G-CSF deficiency. Despite the fact that the accelerated apoptosis appears to be an intrinsic property of the PMNL from AIDS patients, the process is not irreversible. Incubation of PMNL with G-CSF can reverse the accelerated apoptosis in vitro. These observations may be relevant to the pathogenesis of bacterial infections and other secondary infectious complications of HIV infection, and suggest the potential for reversing apoptosis and impairment of PMNL function with cytokine therapy.
